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A recent clock synchronisation experiment between the  
National Physical Laboratory (NPL), New Delili and 
Space Applications Centre (SAC), Ahemedabad, i n  India 
v i a  geostationary satellite symphonie-11, s ta t ioned 
at 4g0 E longitude, is reported i n  t h i s  paper. As 
only one satellite transponder was  avai lable  f o r  t h i s  
experiment, the  two way transmission of t h e  clock 
pulses  was ca r r i ed  out  by switching t h e  transnit- 
receiver  r o l e s  a t  t h e  two s t a t i o n s  a t  5 minute in te r -  
v a l s  t o  achieve a nearly s ~ m l t a r w u s  tm way trans-  
mission. Taking i n t o  account a- t he  addi t ional  
delays,  t h e  r e s u l t s  demonstrateu a clock-synchronisa- 
t i o n  accuracy of k t t e r  than 0.5 microseconds. A 
c r y s t a l  based portable clock flown aboard an air- 
c r a f t  confirmed t h i s  clock-synchronisatjon within a 
microsecond. 
INTRODUCTION 
The f e a s i b i l i t y  of prec ise  clock synchrorlisatiorl on an in- 
ter-cont inental  b a s i s  has been demonstrated anu looks a '  rac- 
t i v e  for  t i m e  t r a n s f e r  ox a global sca le  ( see  Somayajulu, 
1977, fo r  a recn?+. review). These experiments c a r r i e a  over 
t h e  pas t  decade and a ha l f  have increased the  p r e c i s i o : ~  of 
clock synchrcnisation. Currently a two-way transmission 
using a micruwave trailsponder aboard a geostationary s a t e l l -  
i t e  is considered t o  provide the  g r e a t e s t  precis ion i n  syn- 
chronisat ion of two remote clocks. 
With the  a v a i l a b i l i t y  of the French-German geostat ionary 
s a t e l l i t e  Symphonic-I1 t o  India f o r  t e l e c o m n i c a t i o n  exper- 
iments under a b i l a t e r a l  agreement an opportunity is  provi- 
ded for. i n i t i a t i n g  clock synch~on i sa t ion  experiments i n  
India. The s a t e l l i t e  was parked over the  e q u ~ ~ t o r  abave 
4 3 O  E longitude i n  June 1977 add is expected t o  be loczted 
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t h e r e  f o r  two years .  Clock synchronisat ion experiments have 
been c a r r i e d  ou t  from 17 t o  30 Apri l  and 16 th  t o  33  June ,  
1978 between National  Physicai  Laboratory,  New Delhi  and 
Space App'ications Centre ,  Ahmedabad v i a  t h e  Delhi  and Ahme- 
dabad e a r t h  s ta t io r l s .  This r e p o r t  descr ibes  t he  d e t a i l s  of 
t hese  experiments an? t h e  r e s u l t s  ob ta ined .  
DETAILS OF THE EXPERIMENTA? SET-UP 
The symphonie s a t e l l i t e  has two C-band transponders aboard 
of which one transponder was a v a i l a b l e  f o r  t h e s e  experiments. 
The frequency for  up l ink  transmissiorl is 6347.5 bIHz and is 
4122.5 MHz f o r  downlink recept ion.  Both t h e  Delhi  (DES) and 
Ahmedabad ( AES) e a r t h  s t a t i o n s  a r e  equi_oped wi th  s i m i l a r  
t r ansmi t t i ng  and r e c e i v i n g  equipment. The r e l e v a n t  d e t a i l s  
a r e  given i n  table-1. 
Table 1. D e t a i l s  of Delhi sndAhmedaba2 Ear th  S t a t i o n s  
-- ------ 
Delhi  Ear th  S t a t i o n  Ahnedaba? Ear th  St- 
-. a t i o n  
La t i tude  28' 36 '  30"N 23' 1' 21.03I1N 
( Geographic ) 
Longitude 77O 11' O.OUE 72O 33' 52.48" 
(Geographic) 
Height of t h e  
Antenna ( a 3 w e  240.7 m 
mean s e a  l e v e l )  
Antenna Type Parabol ic  d i s h  Parabol ic  d i s h  
& s i z e  Dia 10.7 metre Dia 14  metre 
CIRP dbw (Max) 84.0 87.7 
Transmit F'req. 6347.5 MHz 6347.5 MHz 
Receive Freq. 4122.5 MHz 4122.5 MHz 
I F  Bandwidth 10 10  MHz 
Modulation FM FM 
A s impl i f ied  block diagram of the  experimentzl configurat ion 
a t  the  two ground s t a t i o n s  is shmn i n  f ig .  1. The C-band 
transpo;lder on board the  Symphonic s a t e l l i t e  receives a t  a 
f r q u e n c y  of 6347.5 M H z  and t ransmits  a t  a frequency of 
4122.5 PlHz. The s a t e l l i t e  transponder a c t s  as a simple £re- 
quency t r a n s l a t o r  without aqy s igna l  processing. The band- 
width of the  transponder is 90 M H z .  The e f f e c t i v e  i so t rop ic  
radia ted  power (EIRP)  cf t h e  transponder is  29 dbw. 
Each st.a.:ion i n  tu rn  t ransmit ted a continuous wave (CW) car-  
r i e r  t h a ~  is deviated 240 KHz  fo; a 304s period of time. The 
r i s e  time of the  clock pulse is 56 ns. This deviat ion is 
caused b ] ~  a 3 0 ~  clock pulse generated a t  a r a t e  of 1 pps. 
The pulsc shape is checked on an osci l loscope before s t a r t -  
ing the time measurement. The s igna l  received from t h e  re- 
mote s t a t i o n  v i a  the  s a t e l l i t e  is detected by the  l imi te r /  
discrimir.akor i n  the  receiving system a t  t h e  ground s t a t i o n .  
The leadj.ng edge of the  discriminator oatput pulse s tops  the  
time-int(2rval counter (HP Model 5245 or  5248 L/M) which is 
s t a r t e d  ' ~ y  the  l o c a l  clock pulse. In e f f e c t ,  t he  counter 
measures the  elapsed time between the  s t ~ z t  pulse of the  lo- 
c a l  clock and the  s t o p  pulse from the  remote clock. The 
c a n t e r  readings a r e  recorded with 10 samples centred on each 
minute and zveraged. The duration of the  experiments each 
day was 90 minutes. Each s t a t i o n  t ransmit ted f o r  5 minutes 
while the  other received; i m d i a t e l y  a f t e r  5 minutes the  
transmit-receive r o l e s  a re  switched fo r  the next 5 minutes. 
'This was repeated every 1 /2  an hr.  s o  t h a t  a maxirmm of 6 
s e t s  of samples a re  obtained each day. The time d i f ference  
between the  two clocks located a t  the  ground s t a t i o n s  is 
determined from these readings. 
SYTJCHRONISATION O F  DES ATCiMIC CLOCK WITH MASTER CLOCK 
The Nati0:la.l Physical Laboratory (NPL; , New B l h i  , maintains 
L1. 
~atio:lal  time standard through a c e s i u r  clock HF Nodel 
A with option 004. NPL a l s o  t r ~ n s m i t a  time s igna l s  
deri7~t.d from the  standal-d clock on ATA-transmissions a t  car- 
r k r  frequencies of 5 ,  10 and 15  M H z .  Another cesium clock 
type HP 5061 A with option 004 was located a t  the  Delhi Earth 
Stat ion a2d was kept i n  synchronizatior with the master 
clocb 3y the following mekhods : 
i) V i a  t racking of A'I'A broadcast 
From the  ATA-time transmissions received a t  DES 1 PPs pulses 
- 
are % enexated by zero-crossing de tec t ion  technique. The de- l a y  etween these u l ses  and the  1 pps u l s e s  from t h e  i? Cesium Clock loca ed a t  DES is measures b the t ip  i n t e r -  
v a l  counter; from t h i s  delay measurement an3 co.-t.ing the  
(ground wave) propagation delay between ATA (Greater Kailash, 
New  elh hi) and DES,the DES ces iu r  clock i s  adjusted f o r  syn- 
lhror~ism with t h e  Master Clock within 50 ps. 
(ii) Via Portable Clot?: 
A 1 pps pulse is 3 e ~ e r a t e d  from the  100 KHz output of TF 
105E type crysta!. o s c i l l a t o r .  This 1 ..?c pulse is autosyn- 
chronised with t h e  Master Cesium Clock. m e  aynchroni.sed 
c r y s t a l  clock is immediately trails- X t e d  to DES where it is 
then used t o  synchronise the i3ES cesium clock t o  abrut  
0 . 1 p s .  The h i s to ry  of t h e  c r y s t a l  is well  known before.  
A t  t he  end of each experimental per iod ,  the  cesium clock a t  
DES was tra- sported t o  ATA f o r  d i r e c t  comparison with the  
master c l x k .  The o f f s e t  measured was c o n s i s t e : ~ t  with tl-a" 
determinted by the  portable  c r y s t a l  clock tc within 0.7. p ~ i .  
Before the  s t a r t  of the  experiments the  AES atonlic clu?: .:.', 
synchr'onised t o  t h e  :&stfir Clvck t o  w i t h i n  1 my us i r  4 '- i? 
ATA-transmissions r . ,:eiver? ~t Ahmedabad, 
FACTORS AFFECTli$G THE iRECTS:[CN AND ACC'JRACY OF CIJOCK SYN- 
CHRONISATION 
( a )  precis ion of Syncl~onlisation 
The precis ion of clcck synchronisation, i . e . ,  t h e  minimum 
absolute t i m e  d i f ference  t o  which t w o  Clocks c a i  id be syn- 
c h r - . ~ i s e d ,  is determined essf+:?tially by t h e  si~r1,l-to-noise 
powar r a t i o  a t  the receiver  output which provides t h e  s t o p  
pulse t o  the time i n t e r v a l  c.>unter an6 the counter e r r o r ,  
t h e  l a t t e r  being taken as  5 1 d i g i t .  The f i n i t e  sigi-al-to- 
noise r a t i o  causes ? j i t t e r  of t h e  3. . , ~ ; 3 : ~ g  edae of t h e  clock 
pulse ,  thus causing an e r r o r  911 t he  rrtea;c~'~'ement. The r.r . S O  
j i t t e r  i n  the  a r r i v a l  t i m e  GL .he clock y,*:lse is giveii  by 
where t r  is duration cf the  clcck pulse drld S,/N i3 ti;e s ig-  
nal-to-noise power ratCo. 111 OUT cave tr  is 3 0 p s .  '%e 
s t a t e d  S/N r a t i o  fo r  both DES and AEA is 50 db min. Using 
these  values,  Lorn equ. (1) w e  obtain an e . imatk of rm? 
j i t t e r  aa 67 n s .  
The conbindtion of the rms j i t t e r  and tbe inherent counter 
error wi31 show up as random fluctuations of the counter 
output: superposed or any systematic d r i f t  due t o  factors t o  
be de~cr ibed  i r i  the next section. Thus the standard devia- 
t ion of t3s cau?,ter reading is a measure of the precision 
of  :ynckuo.-isation. 
(b) Accuracl c f Clock Synchronisation 
me accu;,y 3.t the clock offhiet measurenent or synchronisa- 
tion d?p?nda on the extent t o  which signal delays i n t r s  
duced i n  t h e  , , p.lsystem are known or accounted for. The 
t o t a l  signaj. r t l a y  t i m e  comprises the t i m e  delay introduced 
by the intcivening ele-ttronic wllipment, i.e., the transmit- 
t i n g  equipmel~t a t  the c.$arth r ; t ion ,  the s a t e l l i t e  trans- 
pcnder ,  and toe receivl:~q e q u i p m t  a t  the other ground s ta-  
t i o n ,  the delal ir, the i .>~~osphere and the troposphere, and 
the free space path delay between the ground s ta t ion  and the 
sa te l l i t e .  T h s  contributing factors for the total signal- 
delay error b ~ d g e t  are: 
( i; Ionospheric and tropospheric delay errors  
(ii) Sate l l i te  position error 
(iii) Equipment delay errors 
Tne s ignal  delay is defined as the time required for an 
i d e n t i f i a b l e p o i n t  i n t h e  signal waveform from entering the 
transmitting equipment t o  its reappearance a t  the output of 
the receiver. In the present case it is the 50% value of 
the leading edge of the 1 pps pulse. 
i) Ionospheric and tropospheric errors 
In the ear th 's  ionosphere and the troposphere the s i g n ~ l  
delay is equal t o  the group delay i.e., the signal energy 
propagates with the appropriate group velocity. The group 
delay i n  the ionosphere is essential ly proportional t o  t he  
t o t a l  electron content which has a diurnal var ia t ion,  a lso 
a day-to-day va r i ab i l i ty  and is a function of frequency. 
A s  the additional ionospheric delay is frequency dependent, 
an error  i n  a two-way method w i l l  be caused by the i n e q u a l -  
i t y  r,f tl?.e propagatioi? time for two directiorls of the path. 
I n  high frequency approximation, the iorlosphere delay d is 
where 
f : frequency i n  Hz 
Ne: e l ec t ion  densi ty  per meter cube 
N : t o t a l  e l ec t ion  content  along the  path 
using eqns. (21,  the  e r r o r  due t o  the  ionospheric e f f e c t ,  
E l ,  fo r  the  up-link of 6 GHz and the  down-link of 4 G H z  is 
given by 
- 27 
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where ND , NA a r e  the  t o t a l  e l e c t i o n  contents  (e /m ) along 
t h e  path frm s a t e l l i t e  t o  t h e  DES & AES respect ive ly  and 
d~~ and ~ D A  a r e  the  delay from DES t o  s a t e l l i t e  and t o  AES 
and from AES t o  s a t e l l i t e  and OES respect ively.  
On the  other hand t h e  troposphere g r o ~ p  delay is  p r a c t i c a l l y  
independent of frequency arid is ins igni f icar i t  f o r  e levat ion  
angles grez ter  than 15O ( I n  the  present  case the  e levat ion  
angle is 45' ) . A t  the C-band microwave frequencies , t r e a t -  
i n g  the  ve loc i ty  pfopagation as  essent j .a l ly  the  v e l o c i t y  of 
l i g h t  (2.9979 x 10 d s ) ,  from e a r t h  s t a t i o n  antenna t o  t h e  
s a t e l l i t e  introduces an e r r o r  of less than 5 ns i n  t h e  
group delay computation. 
I n  the  pres,ent experiment a two-way transmission is used. 
Although it is not  s t r i c t l y  s i m l t a n e a u s ,  it is nearly 
simultaneuua i n  t h e  sense t h a t  t h e  transmit-receive r o l e s  
of t h e  two s t a t i o n s  a r e  a l te rna tevely  switched a f t e r  a 5- 
minute in terva l .  During t h i s  time the  ionospheric and tro- 
pospheric condi t ions a r e  p r a c t i c a l l y  unchanged and the re fo re  
t h e  delay drops out i n  t h e  f i n a l  computation of 
t h e  clock o f f se t .  The contr ibut ion due t o  any s a t e l l i t e  
motion is discussed i n  t he  next sect ion.  An e x p l i c i t  assum- 
p t ion  involved is t h a t  the electromagnetic path between DES 
and AES i e  reciprocal .  This assumption is not s t r i c t l y  
v a l i d  because the  .uplink and d m l i n k  frequencies d i f f e r  by 
2 G H z .  However, t h e  d i f ferences  i n  t h e  path r e c i p r o c i t y  
are negl ig ib le  a t  t h e  C-Esnd frequencies,  ammnting t o  less 
than I n s .  
ii) S a t e l l i t e  Posi t ion Errors  
Symphonie s a t e l l i t e  is not  i n  an absolutely s)mchronous or- 
bit. The motion of t h e  s a t e l l i t e  during t h e  period of tests 
produces a s teady and systematic change of t h e  apparent time 
delay t h a t  is measured. The DES and AES transmit-receive 
r o l e s  are switched a l t e r n a t e l y  f o r  5 minutes. During t h e  
period of measurements t h e  s a t e l l i t e  d r i f t  e r r o r  is less th- 
an 1ps wer the one minute i n t e r v a l  for which t i m e  delay is 
measured. In  any case ,  t h i s  systematic drift is taken i n t o  
account by l e a s t  square f i t  on a computer of the  piecewise 
observations, 
The e r r o r  i n  the  pos i t ion  of t h e  ground s t a t i o n s  does not  
exceed l m  and is hence inconsequential. 
iii) Equipment Delay e r r o r  
The time s igna l s  experience addi t ional  delay i n  passing 
t h r o u g h t h e  e l e c t r o n i c  equipment in thetransmit-receive chain,  
v i z , ,  t h e  t ransmi t t ing  and receiving equipment a t  each 
ground s t a t i o n  a n d t h e  s a t e l l i t e  t r a n s p o n d e r .  In t h e  present  
case the  s a t e l l i t e  transponder operating i n  the  C-ban2 uses 
very wide bandwidths (90 M H z ) ;  moreover t h e  s a t e l l i t e  t rans-  
ponder e s s e n t i a l l y  operates i n  a t r a n s l a t i o n a l  mode and 
hence t h e d e l a y  i n  t h e  s a t e l l i t e  transponder is  negl igible .  
The m j o r  e r r o r  cont r ibut ion  comes from the  equipment delay 
a t  t h e  ground s t a t ions .  The various equipment delay cont r i -  
butions may be i t e m i z e d  a s  follows: 
i) The time delay i n  t h e  modulation c i r c u i t s  and the 
t ransmi t te r  Chain a t  each s t a t i o n  (dt t l ,  6t2) : 
ii) The t i m e  delay due t o  t h e  f i n i t e  length of t rans-  
mission line/waveguide t o  t h e  t ransmi t t ing  anten- 
na feedpoint ( &alt &a2 ) : 
iii) The t h e  delay from the  receiving antenna feed 
point  t o  t h e  parameteric ampl i f ie r  input  and t h e  
delay due t o  t h e  transmission line/waveguide from 
t h e  parametric amplif ier  output t o  t h e  main 
ground s t a t i o n  (&a , €&a2) 1 
i v )  The time delays i n  the  demorlulation and output 
c i r c u i t s  ( 6  , h2). 
As mentioned e a r l i e r ,  any uncer ta in ty  i n  t h e  time de lay  mea- 
surement w i l l  appear a s  b i a s  i n  the clock o f f s e t  measurement 
while any v a r i a b i l i t y  i n  the delays limits the accuracy. 
A t  each earth s t a t i o n  before  t h e  s tar t  of  t h e  experiment 
each day,the equipment de lay  was measured a s  p a r t  of t h e  c a l i -  
b r a t i o n  procedure, by i n t e r n a l  looping. A sample of t h e  
t r ansmi t t e r  output is dawnconverted t o  t h e  r ece ive r  frequency 
us ing  a broadband .mixer- whihh cont r ibu ted  an i n s i g n i f i c a n t  
amount of delay. The measured s i g n a l  delay a t  DES was 
1 . 2 8 ~  and f o r  AES it was 2 . 8 ~  This AES delay included an 
ex t r a l eng th  of 57m t o  t h e  downconverter which introduced an 
e x t r a  time delay of 0.57,~s i n  the loop  delay. Thus the t i m e  
de lay  i n  the e l e c t r o n i c  equipment i n  t h e  AES in-2ernal loop 
is 2.23ps. The v a r i a t i o n  i n  t h e  delay was less than 0.1,~~. 
In  t h e  determination of the clock o f f s e t ,  the e p u i p m e ~ t  ime 
delay t h a t  e n t e r s  t h e  p i c t u r e  is t h e  d i f f e rence  between t r ans -  
mitter t i m e  delay a t  DES p lus  t h e  r ece ive r  time de lay  a t  
AES and t h e  t r ansmi t t e r  time delay  a t  AES add t h e  r ece ive r  
t i m e  delay a t  DES. Since t h e  t r a n s m i t t e r  and r ece ive r  t i m e  
delays  a t  each s t a t i o n  could not  be measured sepa ra t e ly ,  it 
was assumed that the t o t a l  i n t e r n a l  l o ~ p  de lay  is equal ly  
dividedbetween t h e  t r ansmi t t e r  and t h e  receiver .  Thus t h e  
n e t  d i f fe rence  of t h e  delays  considered above is  taken t o  be 
zero. This assumption introduces an unresolved b i a s  of 
+ 1.0~. 
- 
The time delays introduced due t o  f i n i t e  transmission l i n e /  
waveguide lengths  a t  DES add AES are: 
RESULTS 
Measurements of t h e  t o t a l  time de lay  were made on 21 Says 
during t h e  two test per iods i n  April and June 1978. Each 
day a maximum of 6 sets of  measurements each c o n s i s t i n g  of 
a t  l e a s t  50 observations-10 cent red  on each minute during 
t h e  5 minute i n t e r v a l  - have been accunormlated. These da ta  
a r e  used t o  determine t h e  AES clock o f f s e t  wi th  r e spec t  t o  
t h e  DES clock and hence with  respect t o  the  NPL Master 
clock. Also because t h e  two test per iods a r e  separa ted  by 
about 6 weeks with  t h e  clock running, an opportunity is  pro- 
vided t o  determine t h e  systematic  o r  long - term d r i f t  r a t e  
of t h e  AES clock with respect  t o  t h e  master clock. 
The clock e r r o r  or o f f s e t  is defined as follo*s :@--% .'A) 
Clock o f f s e t  ( E )  = Master clock time (NPL) - User Clock Time. 
I f  t h e  user  clock l ags  behind the  Master clock E is p o s i t i v e  
and is negative i f  t h e  user  clock is ahead o r  t h e  master 
clock. 
The clock o f f s e t  is zomputed as  folluws. ~ e f e r r i n g  t o  fig.2 
L e t %  be t h e  apparent t i m e  delay measured a t  AES with  DES 
transmitt ing.  
be the  apparent time delay measured a t  DES with AES 
t ransmit t ing.  
x,, Yta be t h e  equipment delays i n  t h e  DES t ransmit  chain 
and receive chain respect ive ly  ( 76 = $*I + rt*,; YA,, + Sh.,) 
x, ,x,  be the  equiprent  delay i n  AES t ransmit  and receive 
chain respect ive ly  ( XL = St.\, xr = ghL + F*hsJ 
The clock o f f s e t  then is given by 
--I 
I f  t h e  equipment delay i n  each t ransmit  - receive c i r c u i t s  
is t h e  same A': is zero. Hawever f o r  reasons out l ined i n  
Sect ion4 (iii) an unresolved b ias  of 5 1.9s e x i s t s .  
Thus Clock o f f s e t  =AL 2 1 . 0 ~  
2 
As mentioned e a r l i e r ,  during t e s t  period each day 6 sets of 
observations of 5 minute duration a r e  obtained a t  each s t a -  
t i o n .  Each sample c o n s i s t s  of 10 obsewat ions  centred on the  
minute. In  order t o  take ca re  of t h e  systematic d r i f t  due 
t o  s a t e l l i t e  motion, t h e  piece-wise samples a re  processed 
on computer using a l e a s t  squares f i t  f o r  both the  s t a ~ i o i s  
( ~ i g .  3 , 4 ) .  From these curves the  average clock o f f s e t  f o r  
each day is measured. 
The corresponding standard deviatiorl is a l s o  computed. Un- 
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FOR CROSS CHECK 
BLOCK DIAGRAM OF TIME COMPARlSlON EXPERIMENT 
FIG. 1 
STATION 1 XMlT 
STATION 1 R E C V .  
\ .' 
STQTION 2 XMlT 1 yR"\\,\\ r, 
STATION 2 RECV. 
Fig. 2 TIMING CIAGRAM. 
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TABLE I1 a 
Date Time Average 6(41'/2) 6 f o r  Counter Rem- 
A@/2 (ps ) f i t t e d  curves resolu- arks  
- 
DES AES t i o n  - 
21.4.78 1300-1430 18.03 -- -- -- 100 n AES 
Sec. clock 
r e s e t  
27.4.78 -do- 7.75 -- -- -- 1 0 0 n  AGS 
Sec. clock 
reset 
Average AES Clock D r i f t  = - 1 2  pSec/day 
for tunate ly  a t  DES t h e  time i n t e r v a l  counter used has only a 
100 ns resolutio-.. However a 10 ns resolu t ion  counter was 
used on 11days during t h e  tests and t h e  s tandard deviat-  
ion computed from these  observations is taken t o  be repres- 
e n t a t i v e  of the  c a p a b i l i t i e s  of t h e  experimental system. 
The r e s u l t s  of t h e  measurements are surmnarised i n  t a b l e  
I1 a,b. It is conclaaed t h a t  t h e  clock synchronisation is  
poss ib le  t o  a prec is ion  of - 1 7 ~ s  using a 100 ns r e so lu t ion  
t h e  i n t e r v a l  counter and t o  a prec is ion  of .08rs wi th  lOns 
reso lu t ion  counter. The accuracy of synchronisation, tak- 
i ng  i n t o  account a l l  t h e  possible delays ,  is about 0. -,Js, 
with a b i a s  of + lps which is probably an overestimate. 
In  order t o  determine t h e  d r i f t  r a t e  of t h e  AES clock with 
r e spec t  t o  DES clock and hence wi th  r e spec t  t o  t h e  NPL mas- 
t e r  c lock ,  t h e  r e s u l t s  a r e  p lo t t ed  i n  Fig. 5. During t h e  
April t e s t s  the  AES clock o f f s e t  was + ve  and it was d r i f t -  
ing  a t  a r a t e  of . 1 2 p p e r  dayup toJune  16. On June 1 7 t h  
TABLE I1 b 
mte Time merage d ( d / 2 )  6ior Canker Re* 
89?,/2 s f i t t e d  curves reaolu- arks 
DES AES t i o n  
loons 
16 -6.78 1430-1600 +11 ,?.I. , <  2 .020 .012 lOOn Clock 
Sec . 
18.6.78 - d ~  "04 *" - - 10n Clock 
Sec. reset 
21.6.78 -do- -1 -38 -288 -018 .001 Resolu- 
t ion  
100 n 
Sec . 
23.6.78 -do- -2.32 -023 -01 -002 Resolu- 
tion 
10 n 
Sec. 
29.6.78 -do- (-5.39) - - - -do- Clock 
reset 
Average AES Clock   rift = . 4 3 p e c . / d a y  
the AES clock stopped. After recomiissioning the AES clock, 
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Dri f t  r a t e  of AES clock w.r . t .  DES clock 
1 2 ~  
I 0  
8 
and a f t e r  s t ab i l i s a t i on  it. was oynchronised with respect t o  
DES clock and the of f se t  was + \-2. During the r e s t  of the  
June t e s t  period the apparent drift r a t e  of the AES clock 
with respect t o  the DES clock was 0.5,~ per day. This app- 
arently d i f ferent  d r i f t  r a t e s  reconciled as follows. The 
DES clock has a d r i f t  r a t e  opposite t o  t ha t  of AES with res-  
pect t o  the NPL master clock. When the  AES clock o f f se t  
(with respect t o  DES) was + ve. the  apparent d r i f t  r a t e  is 
smaller because the two clock. were d r i f t i n g  i n  the  same 
direction. When the of f se t  b e c m  - ve . the clocks were 
d r i f t i n g  i r  opposite direct ions aad hence the  apparent 
d r i f t  rate is thesumof  t;he d r i f t  r a t e s  of the two clocks and 
hence is apparently much larger  than during April t e s t .  
The d r i f t s  of t.he AES and DES clocks are  plot ted i n  the  same 
f igure which er tabl ishes  a uniform drift r a t e  of the  AES 
clock with respect t o  the  NPL, M a s t e r  Clock 
0 
ooo OBSERVED USING SY MPHONlE 
- SATELLITE 
om OBSERVED USING 1058 PORTABLE 
CLOCK 
' bhh PROJEbTED VALUES 
Check of the  Coneistency of Clock Synchronisation with port-  
ab le  clock 
The hea r t  of t h e  por table  clock is a c r y s t a l  o s c i l l a t o r  mo- 
de l  HP 105B. This  o s c i l l a t o r  output has been used t o  der ive 
second pulses. The arrangement is a l s o  t h e r e  t o  autosynchra- 
n i se  the  epoch of the  second pulses within a f r a c t i o n  of m i -  
crosecond with respect  t o  t h a t  of a cesium clock second pul- 
ses. The d r i f t  r a t e  of t h e  c r y s t a l  clock has been s tudied  
very c r i t i c a l l y  f o r  b e t t e r  predic t ion  of the  clock epoch. 
Before f ly ing  the  c lock ,  it is auto-synchronised wi th  master 
cesium a t  ATA t o  within 0.4 microsecond and the  time d i f  f e  - 
ence is noted i n  time i n t e r v a l  counter HP 5248L. The clock 
is then flown t o  Ahmedabad by a cormnercial aeroplane and t h e  
AES cesium clock was d i r e c t l y  compared with t h i s  por table  
clock,  a f t e r  about f a r  hours t i m e  of i ts  auto  synchronisa- 
t i o n  with ATA cesium i n  Delhi. A t  Ahmedabad the  o f f s e t  be- 
tweenATA and AES clock was found t o  be 1.95psecond wi th  
d r i f t  predict ion uncertainzies  of 2 .25ysecond ( a t  t h a t  time 
according t o  symphonie experiment o f f s e t  was 1 . 1 5 ~ ) .  In  
,Lhe re tu rn  f l i g h t  the  portable  clock was autosynchronised 
with AES cesium and a f t e r  roughly four hours the  ~ ~ r t a b l e  
clock was again compared wi th  ATA cesium and t h e  o f f s e t  was 
found t o  be 1 . 5 ~ s  ( a t  t h a t  time t h e  projected values of 
symphonie experiment was 1.32 ps ) . 
Thus the  f ly ing  clock experiment confirms t h e  ccnsis tency of 
the  clock synchronisation experiment v i a  symphonie s a t e l l i t e  
t o  an accuracy of 2 0.2 5 ps. 
On 28th June the  d i f ference  between the  f ly ing  clock experi- 
ment and the  Symphonie experiment was f ou!~d t o  be 0.8 y s 
which is well  within t h e  uncer ta in ty  i n  aymphonie experiment. 
However, on the  second day (29th ~ u n e )  t h i s  d i f ference  was 
0.18ys.  Though both these  values a r e  within t h e  l i m i t  of 
uncer ta in ty  of symphonie experiment b u t  t h e d i f  ference of 
O. 62 ,u s on consecutive two days observations may be due t o  
some uncer ta jn ty  i n  behaviour of c r y s t a l  due t o  jerka while 
f lying.  
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